ABBREVIATIONS ACA = anterior cerebral artery; ACoA = anterior communicating artery; CFD = computational fluid dynamics; CWT = circumferential wall tension; DSA = digital subtraction angiography; MRA = MR angiography; SAH = subarachnoid hemorrhage; TCCD = transcranial color-coded duplex; WSS = wall shear stress.
M ore often than not, it is difficult to predict intracranial aneurysm growth and rupture. 35 Recently, several studies of morphological and hemodynamic parameters have used numeral simulation of computational fluid dynamics (CFD) techniques and found that both high and low aneurysmal wall shear stress (WSS) have separately correlated with intracranial aneurysm growth and rupture. 15, 18, 24, 25 However, specific geometries with different aneurysm locations in each study may result in divergent and controversial findings. 22, 35 The results of large-scale and multicenter clinical trials have been insufficient in clinical application. Additionally, few previous studies have evaluated WSS in the parent artery as being independently associated with the rupture of anterior communicating artery (ACoA) aneurysms using a more simplified and convenient alternative to the widely used CFD techniques. Although numeral simulation of CFD techniques has been widely used to detect WSS in aneurysms and to predict aneurysms' risk of rupture with encouraging results, it requires fluid dynamic technicians other than physicians for professional software analysis of CFD. It can be a complex process with a high cost in the majority of primary care facilities and community hospitals in China and many developing countries; thus, it is difficult to undertake in patients at each follow-up visit.
For the purpose of simple and accurate predictive assessment, 3D digital subtraction angiography (DSA), MR angiography (MRA), and transcranial color-coded duplex (TCCD) sonography techniques were used simultaneously to evaluate the characteristic morphology and identify the predictive factors of ACoA aneurysm rupture, using multivariate logistic regression and two-piecewise linear regression models; our intention was to look for a more simplified and convenient alternative to CFD techniques in the clinic to monitor WSS in the parent artery as a screening tool for predicting the risk of aneurysm rupture during the follow-up of patients who did not undergo embolization or surgery.
Significantly, this simple and accessible method is only appropriate for evaluating WSS in the parent artery, which is highly related to aneurysm rupture. However, it could gain popularity in many developing countries because of its relatively low use of resources.
Methods

Patient Population
Approval for this study was obtained from the local institutional review board of the participating centers. One hundred sixty-two patients harboring 130 ruptured and 32 unruptured ACoA aneurysms confirmed by 3D DSA were selected for this cross-sectional study at Southern Medical University Zhujiang Hospital, the Second Affiliated Hospital of Guangzhou Medical University, and the First Affiliated Hospital of Zhengzhou University, from September 2013 to July 2017. Cases involving multiple aneurysms were excluded from this study. Morphological and hemodynamic parameters were evaluated for significance with respect to aneurysm rupture.
The data were anonymous, and the requirement for informed consent was therefore waived.
Evaluation of Morphological and Hemodynamic Characteristics
Three-dimensional DSA was performed in all patients after admission. Morphological parameters were measured from 3D DSA images, including aneurysm parameters such as size, neck, shape, angle, aspect ratio, and size ratio. The cerebral vascular morphological structures, such as the dominant A 1 segment and the angle between the A 1 and A 2 segments of the anterior cerebral artery (ACA), were also recorded. Hemodynamic parameters, including inner diameter at the end of diastolic blood pressure and mean blood flow velocity, were obtained using a 3.0-T MRA scanner (Siemens) and TCCD sonography. Blood viscosity was measured in vitro at 37°C on the same day as the TCCD sonography examination with a cone/plate viscometer.
TCCD sonography was performed with a Diasonic VST Master Series. It contains a 2.0-MHz real-time imaging transducer and a 2.0-MHz pulsed Doppler transducer. The maximum in situ Doppler energy output intensity was 89 mW/cm 2 I STPA.3 (spatial peak time average intensity). The ACA was imaged using a transtemporal window with the patient in the supine position. The mean blood flow velocity was measured for the bilateral distal end of the each A 1 segment of the ACA. 9 The ultrasound probe was placed as closely as possible to the distal end of each A 1 segment, and the lateral and paramedian frontal bone windows were also used for accurate detection, according to the procedure described by Stolz et al. 29 Each TCCD sonography examination was performed with the sample volume being placed within the color flow image of the examined artery.
MRA images were analyzed using a computer program (Flova; R'Tech) to evaluate the status of the flow around the ACA, including the ACoA wall, and the status of the aneurysm based on 3D-space bloodstream information. Additionally, the state of the bloodstream in the ACoA provided by cine phase-contrast MRI was also determined. 20 In the case of aplasia of the A 1 segment, these measurements were applied only to the dominant A 1 segment. If the A 1 segments were symmetrical, the parameters were measured at the ipsilateral A 1 in aneurysm cases. The velocity of the ACA blood flow was examined by TCCD sonography 3 times. If the results were similar to those of MRA, the data were considered valid for inclusion; if the results differed significantly, the data were excluded from the study. Subsequently, the velocities of the ACoA blood flow were examined by TCCD sonography 3 times, and then the average was taken. For some patients, an accidental rise in WSS in the parent artery could presumably occur as part of normal daily blood pressure variance. If higher WSS is detected while the blood pressure rises, we suggest repeating the measurement after the participant has rested for at least 5-10 minutes.
Finally, WSS was calculated by Poiseuille's law according to the following formula: 33 WSS = 4 × h × Vm/ inner diameter (dyne/cm 2 ), where h is blood viscosity and Vm is mean blood flow velocity.
Circumferential wall tension (CWT) was calculated by Laplace's law according to the following formula: 10 CWT = mean blood pressure × (inner diameter/2) (dyne/cm 2 ).
Note that WSS is defined as a flow-induced stress that can be described as the frictional force of viscous blood. 16 CWT is a tensile stress divided by wall thickness, and it acts perpendicularly to the arterial wall and results from the extensional (dilating) effect of blood pressure on the vessel. 1 The mean blood pressure was computed as diastolic blood pressure + one-third of the differential pressure.
Statistical Analysis
Continuous variables were expressed as mean ± SD (normal distribution) or median (quartile) (skewed distribution). Categorical variables were expressed in frequency or as a percentage. The t-test (normal) or one-way ANOVA, Mann-Whitney U-test (skewed distribution), or Kruskal-Wallis H and chi-square test (categorical variables) were used to determine any statistical differences between the means and proportions of the WSS groups. Multiple WSS models were used to evaluate the associations between exposure (WSS) and outcome (ACoA aneurysm rupture). Both nonadjusted and multivariate-adjusted models were used. A two-piecewise linear regression model was used to examine the threshold effect of the WSS on ACoA aneurysm rupture according to the smoothing plot. The threshold level of WSS at which the relationship between ACoA aneurysm rupture and WSS magnitude began to change and become notable was determined using a recurrence method. The inflection point was moved along a predefined interval until the inflection point that gave the maximum model likelihood was detected.
All of the analyses were performed with the statistical software packages R (http://www.R-project.org) and EmpowerStats (http://www.empowerstats.com). Statistical significance was set at p < 0.05 (two-sided).
Results
Selection of Participants
A total of 162 patients harboring 162 ACoA aneurysms were selected, including 130 ruptured and 32 unruptured aneurysms. Detailed information is shown in Table 1 .
Baseline Characteristics of Participants
The baseline characteristics of patients are also shown in Table 1 . Continuous variables were examined by the Kruskal-Wallis rank-sum test. If the variable had a theoretical number less than 10, the probability is calculated accurately using Fisher's exact test. In case of nonnormal distribution, variables were analyzed with the Wilcoxon rank-sum test. The statistical results showed that there was a statistically significant difference in age, sex, aspect ratio, CWT, and alcohol consumption among the categorical variable (quartile) groups of WSS.
Univariate Analysis for Each Variable
Univariate linear regression models were used to evaluate the associations between parameter variables and ACoA aneurysm rupture. The results of univariate analysis are shown in Table 2 . Analysis demonstrated that WSS (p < 0.001), CWT (p = 0.005), age (p < 0.001), angle be-tween the A 1 and A 2 segments of the ACA (p < 0.001), size ratio (p = 0.023), aneurysm angle (p < 0.001), irregular shape (p = 0.005), and hypertension (grade II) (p = 0.006) were the risk factors associated with ACoA aneurysm rupture. In contrast, sex, aspect ratio, dominant A 1 segment, aneurysm size, neck, presence of diabetes, atherosclerosis, coronary artery disease, smoking, and alcohol consumption were not associated with the event occurrence.
Multivariate Analyses
The WSS, which is the most significant hemodynamic parameter correlated with ACoA aneurysm rupture, was identified as a candidate variable for multivariate analyses.
Nonadjusted and adjusted models are illustrated in Table 3 . In the crude model, WSS showed a correlation with ACoA aneurysm rupture (HR 1.4, 95% CI 1.4-1.6, p < 0.001). In the minimally adjusted model (adjusted age, sex), the effect size also had no correlation (HR 1.4, 95% CI 1.0-1.9, p = 0.055). After adjusting other covariates, we identified a correlation in the fully adjusted model (HR 1.3, 95% CI 1.1-1.6, p = 0.001). For the purpose of sensitivity analysis, we also handled WSS as a categorical variable (quartile) and found that the same trend was observed as well (p = 0.011).
Results of the Two-Piecewise Linear Regression Model
We used a two-piecewise linear regression model to examine the threshold effect of the WSS in the parent artery on ACoA aneurysm rupture, according to the smoothing plot. The threshold level of WSS at which the relationship between ACoA aneurysm rupture and WSS magnitude began to change and become notable was determined using a recurrence method. The inflection point was moved along a predefined interval until we detected the inflection point that gave the maximum model likelihood. The results of the two-piecewise linear regression model are shown in Table 4 .
As evaluated by the two-piecewise linear regression model, the WSS magnitude is significantly correlated with rupture of ACoA aneurysms when it is higher than 12.3 dyne/cm 2 (HR 7.2, 95% CI 1.5-33.6, p = 0.013) ( Table 4 , Fig. 1 ). The model showed that with each additional unit of WSS (even with 1-unit increase of WSS), there was a 6.2fold increase in the risk of rupture for ACoA aneurysms.
Discussion
Our study showed that WSS, CWT, age, angle between the A 1 and A 2 segments of the ACA, size ratio, aneurysm angle, irregular shape, and hypertension (grade II) were significantly correlated with rupture status of ACoA aneurysms. WSS in the parent artery was identified as an independent risk factor for predicting the rupture status of ACoA aneurysms. Moreover, we found that WSS may be the most reliable hemodynamic parameter characterizing the rupture status of ACA aneurysms when it is higher than 12.3 dyne/cm 2 (HR 7.2, 95% CI 1.5-33.6, p = 0.013). Using the two-piecewise linear regression model, we showed that with each additional unit of WSS (even with a 1-unit increase of WSS), there was a 6.2-fold increase in the risk of rupture of ACoA aneurysms. Recently, image-based numeral simulation models of CFD have confirmed close correlations between hemodynamics and intracranial aneurysm growth and rupture, 7,14 ,15, 18, 19, 22, 24, 25,27 albeit with divergent and controversial findings regarding WSS. Meng et al. 18 suggested that the high and low WSS threshold values vary separately in aneurysm development and remain unclear. The WSS is an extraordinarily complex mechanism composed of varied morphologies, flow dynamics, and genetics, which may also be affected by environmental contributing factors, whose interaction with hemodynamics has not been clearly elucidated. The morphological and hemodynamic parameters could modify the vascular response to both aneurysm growth and rupture.
More and more published CFD studies seem to suggest that high WSS results in intracranial aneurysm growth and low WSS in rupture. 7, 12, 14, 15, 18, 19, 22, 24, 25, 27 However, these results were inconsistent with those obtained by Liu et al. and Yu et al. 13, 26, 30, 34 They found high WSS in the ruptured aneurysm group. Moreover, it is important to note that their average WSS in the aneurysm region (1.64 ± 1.16 N/m 2 ) was significantly lower than that observed in the vessel region (p < 0.05), which highly accords with our findings. Other researchers addressed the relationship between WSS in the parent artery and aneurysm rupture. 2, 23 Qiu et al. 23 reported that ruptured aneurysms were more likely to have a higher aneurysm parent artery WSS ratio (p = 0.026) than unruptured aneurysms. They identified the highest aneurysm parent artery WSS ratios (p = 0.023) as the hemodynamic factors predictive of intracranial aneurysm rupture.
It is widely accepted that arteries adapt to blood flow changes through vascular remodeling of themselves. WSS arising from friction of blood flow against the vessel wall is an essential determinant of vascular remodeling. These changes in WSS have been investigated in several studies, in both humans and animals. 8, 17 Physiologically, the endothelium actively assists in the maintenance of normal levels of WSS by using various compensatory mechanisms. In pathological conditions, vasospasm occurs rapidly following flow alteration, when the aneurysm ruptures. WSS acts on the endothelium and is the mechanical force responsible for the acute change in luminal diameter. 8, 32 This biological response is achieved primarily by the vasodilators released from smooth muscle cells, ultimately causing the vessel changes. 32 Hoi et al. 8 demonstrated that the baseline WSS level is 10-15 dyne/cm 2 in all arteries. There exists a flow-increase threshold (approximate 25%-140% increase in baseline WSS). When it is surpassed, high WSS may result in significant vascular tortuosity. Accordantly, what our study showed supports this view. We discovered that high WSS in the parent artery was significantly correlated with ACoA aneurysm rupture when it was higher than 12.3 dyne/cm 2 , which is partially inconsistent with the high-or low-WSS theory. 7, 14, 15, 18, 19, 22, 24, 25, 27 WSS in the parent artery may be different from that in an ACoA aneurysm itself. Vasospasm caused by subarachnoid hemorrhage (SAH) when aneurysms easily rupture results in a smaller inner diameter and increased blood flow velocity. 4, 11, 28 As a result, the WSS, calculated by formulas according to Poiseuille's law, would also in- crease. Thus, it is reasonable that high WSS in the parent artery is obtained when an aneurysm ruptures. It has been reported that some structural changes after the aneurysm ruptures may affect the hemodynamic parameters. Thus, the hemodynamic features in a ruptured aneurysm may differ from those seen before the rupture. 3, 19 Focally identified hemosiderin staining around supposedly unruptured aneurysms has been observed during intracranial aneurysm clipping, suggesting instability. 21 Furthermore, and more remarkably, this may indicate that there is a subgroup of individuals at increased risk of future aneurysmal SAH. 5, 31 During this unstable period, the WSS magnitude may exhibit subtle changes before aneurysm rupture. Since the WSS in ACAs may be greatly related to the rupture of ACoA aneurysms, it is very important to monitor the changes in WSS during follow-up examination of patients who did not undergo embolization or surgery for various reasons. If during such follow-up visits the WSS exhibits the trend of increasing, and even rising up to the threshold level we identified in the present study, early intervention should be strongly recommended to prevent any adverse events.
Studies with accurate WSS findings have not yet been reported for the use of parameters other than CFD techniques, such as clinical tests and conventional methods, in low-resource hospitals. Our simple and accessible method can be used to detect the WSS in modest primary care facilities and community hospitals in China and many developing countries. Although unable to detect direct WSS in aneurysms, it can be used to evaluate the WSS of the parent artery, which is highly related to aneurysm rupture.
Additionally, it is important to note that in the contro-versial parameters of high versus low WSS, multivariate analysis was usually performed. 6, 14, 19, 36 However, few researchers have further studied the threshold effect of WSS on ACoA aneurysm rupture using the two-piecewise linear regression model. In our cross-sectional study, univariate linear regression models and multivariate analyses were used to predict the risk of ACoA aneurysm rupture based on WSS in the parent artery. Additionally, the twopiecewise linear regression model revealed a more explicit meaning of WSS in a certain range.
Our study has some limitations. First, as this is a crosssectional study of correlation between WSS in the parent artery and ACoA aneurysm rupture, there is uncertainty in the degree to which exposure preceded the outcomes observed. Second, factors related to procedural detection may affect the accuracy of the results. Third, we measured only time-averaged WSS in the parent artery rather than that in the ACoA aneurysm itself. The direct WSS in ACoA aneurysms was not detectable using our clinical method. Though the result was different from that obtained when WSS was measured with the CFD technique, it is still an objective indicator of WSS in the parent artery. Fourth, intracranial aneurysms in different locations with varied morphologies and flow dynamics may have differing WSS values. This was also associated with complex genetic and environmental contributing factors. Thus, our findings may not characterize all kinds of intracranial aneurysms in different locations. Finally, some structural changes after the aneurysm rupture may affect the hemodynamic parameters. Thus, the hemodynamic features of ruptured aneurysms may differ from those recorded before the rupture. Unruptured aneurysms undergo microhemorrhages that may indicate instability, suggesting increased risk for aneurysmal SAH in the future. During this unstable period, the WSS magnitude may exhibit subtle changes before aneurysm rupture. Thus, we may be able to predict the risk of aneurysm rupture by monitoring the changes in WSS in the parent artery during follow-up for patients who did not undergo embolization or surgery. Our findings are just the tip of the iceberg. We hope that this paper provides valuable information and thus inspires valuable ideas for other researchers who are interested in this field. 
Conclusions
WSS in the parent artery may be a reliable hemodynamic parameter to characterize the rupture status of ACoA aneurysms when it is higher than 12.3 dyne/cm 2 . We found that with each additional unit of WSS (even with a 1-unit increase of WSS), there was a 6.2-fold increase in the risk of rupture for ACoA aneurysms.
Our simple and accessible method can provide objective evidence for predicting the risk of aneurysm rupture and can serve as a screening tool at follow-up for patients who did not receive embolization or surgery.
FIG. 1.
Relation between WSS in the parent artery and ACoA aneurysm rupture. The area between two blue dotted lines represents the 95% CI, and each red point shows the WSS magnitude in the parent artery, and the dots are connected to form a dotted line. The WSS magnitude is not correlated with ACoA aneurysm rupture when it is ≤ 12.3 dyne/cm 2 . Conversely, the WSS magnitude > 12.3 dyne/cm 2 showed a significant correlation with ACoA aneurysm rupture. The risk of ACoA aneurysm rupture increases as the WSS increases. Figure is available in color online only.
